The minimum of 4-terminal conductance occurring at its charge neutral point has proven to be a robust empirical feature of graphene, persisting with changes to temperature, applied magnetic field, substrate, and layer thickness, though the theoretical mechanisms involved in transport about this point -vanishing density of states, conventional band gap opening, and broken symmetry quantum Hall mobility gaps -vary widely depending on the regime. In this paper, we report on observations of a regime where the 4-terminal conductance minimum ceases to exist: transport in monolayer graphene connected to bilayer graphene during the onset of the quantum Hall effect.
With an improving understanding of topological phases -electronic states of matter characterized by their topological order rather than their symmetries -attention is turning to how these phases interact with other electronic orders and how two distinct topological phases interact with each other. Such topological heterostructures hold the promise of reliably realizing diverse new phenomena, such as magnetic monopoles, 1 Majorana fermions, 2 and topological Hall effects. 3 However, theoretical modeling of many heterostructure devices posits a clean interface between the constituent parts across which phase coherence is preserved, 4 a requirement that can often be challenging to realize experimentally in fabricating heterostructures.
Hybrid graphene, graphene heterostructures consisting of regions of differing atomic thicknesses, offers perhaps the cleanest possible system to study competition between differing topological states. The pristine interface of these structures is achieved by extracting them from a single graphite crystal, while the differing topological states are a result of graphene layers of differing thicknesses supporting distinct quantum Hall states under the application of a magnetic field. More specifically, the charge carriers in monolayer graphene have a π
Berry phase and form a four-fold degenerate n = 0 Landau level that straddles the electronhole, charge neutral ("Dirac") point, 5, 6 while the 2π Berry phase carriers in bilayer graphene form a corresponding eight-fold degenerate Landau level about the same point.
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Thus far, relatively few studies have examined the competing quantum Hall states in hybrid monolayer-bilayer graphene, [8] [9] [10] [11] [12] [13] [14] with those experimental studies that have been done mainly focusing on effects due to transport across the hybrid interface. [8] [9] [10] [11] In contrast, we here report on conventional longitudinal and transverse resistance measurements using electrical contacts only on the bulk graphene monolayer part of hybrid structures. While many of the measurements display quantum Hall formation and states identical to homogenous monolayer graphene, our results show that the presence of a bilayer perturbation gives rise to qualitatively distinct transport features in the monolayer during the formation of the n = 0 Landau level. These features are potentially indicative of a new type of electronic ordering in hybrid graphene that is not found in homogenous graphene.
Measurements were conducted on two hybrid graphene flakes, Sample A and Sample Transport data was collected using conventional low-frequency (9-17 Hz), lock-in techniques using currents ranging from 10 nA to 100 nA. Landau level about its charge neutrality point. 7 We note, what often goes unremarked on in graphene quantum Hall data, that the resistance maxima at the half filling of each Landau level, between the R xx zeros, outline a peak about the charge neutrality point that mirrors the 0-field resistance peak shown in the inset.
Focusing on the maximum at the charge neutral point, this "Dirac peak" has proven to be a robust empirical feature at all fields in both homogenous monolayer graphene and homogenous bilayer graphene. 15, 16 The physical mechanisms underlying this peak, however, can depend on the sample and field range. For monolayer graphene at 0 field, the linear dispersion relation leading to a vanishing density of states at the charge neutral point predicts a resistance peak, though the value of the conductivity at this point is complicated by considerations of disorder, substrate interactions, and inhomogeneity in samples. [17] [18] [19] In bilayer graphene asymmetries can cause a small band gap to open at this point. 20 As the field is increased, localization effects can increase or decrease the peak resistance. 21 In the quantum Hall regime, the point corresponds to the half-filled n = 0 state, where single-particle interactions with Landau levels affect the transport properties. 22 At high fields, typically ≥15 T for samples with mobilities comparable to ours, degeneracy breaking of the Landau level leads to an unusual ν = 0 filling factor at this point and a corresponding increase in the measured resistance. 23 To the authors' knowledge, across all these field regimes in homogenous graphene, the 4-terminal conductance at this point remains a minimum with respect to filling and gate voltage.
In marked contrast, the monolayer sections of both hybrid graphene samples we measure show the charge neutral point can cease to be a conductance minimum. Fig. 2c shows the longitudinal and transverse resistance at the onset of the quantum Hall effect for sample B.
While the R xy plateaus and R xx zeros of this regime are developing, the resistance at the charge neutral point is markedly different depending on the direction of the applied magnetic field. A -3 T field reveals a Dirac peak similar to the zero-field and high-field regimes, while a field of opposite polarity suppresses the peak almost entirely.
The evolution of the nascent quantum Hall states with field for each sample is shown in Fig. 3 . The negative field evolution is qualitatively similar to the evolution observed for homogenous monolayer graphene; in particular, the Dirac peak resistance increases with field and settles at a roughly constant value as the quantum Hall resistance minima develop. In stark contrast, a low, positive field causes the peak to "break," becoming a local minimum The measurement configuration is shown schematically in the insets. All panels show the onset of the resistance minima indicative of filled Landau levels and ballistic edge state conduction as the field is increased. The top panels show an increase of the resistance at the charge neutral point up to a roughly constant value, corresponding to the 4-fold degenerate n = 0 Landau level at half-filling and consistent with previously reported field evolution of this point in homogenous monolayer graphene. Conversely, resistance at the charge neutral point for the positive field does not monotonically increase, but rather displays an increase in conduction at the onset of the n = 0
Landau level formation. Note that since the zero-field data has no defined filling factors, the x-axis scaling for these traces is arbitrary.
rather than maximum, forming what might be termed a "Dirac caldera." As the field is increased the peak re-emerges, though initially at a lower value than both the adjacent peaks corresponding to the half-filled n = ±1 Landau levels and the positive field peak.
The suppression of the Dirac peak is more pronounced in the sample measured at lower temperature, where it almost disappears entirely at 2 T. in phase with the current, implying it is conduction paths through the bulk that are being altered.
In addition to the conductance asymmetry with field at half-filling of the n = 0 level, a conductance asymmetry at half-filling of the n = ±1 levels can also be seen in Fig. 3 . For these levels it is the negative field resistance that is markedly lower than the positive field resistance. While this asymmetry persists at higher Landau levels, as seen in Fig. 2c , it is less pronounced the farther away the sample is biased from the n = 0 level. Note also from We turn to the question of potential causes for the field asymmetry and Dirac peak suppression in these samples. For a fixed current, one factor that could precipitate a measured voltage drop on one side of a sample is certain non-uniform current distributions. As the counter-propagating hole and electrons currents are, by definition, equal at the charge neutral point, there exists a purely classical mechanism that can drive nonuniformity. In the classical Hall effect the transverse forces on charge carriers are presumed to disappear as the transverse electric field E due to accumulated edge charge balances the v × B effect from the applied magnetic field. At the charge neutral point the transverse E is measurably zero, so that the force from the magnetic field is unbalanced and can drive current away from our measurement contacts in the setups where the Dirac caldera is observed. While this imbalance may play a role the observed effects, the facts that this imbalance would also be present in homogenous samples and that the anomalies are observed well outside the region which for our samples is just under 2 T, the point at which the half-filling conductance asymmetries are at a maximum ( Fig. 4a and b) .
Since its introduction, the levitation idea even in conventional 2DEGs has continued to be subject to theoretical revision and experimental test. 26, 27 Potential effects due to levitation for the anomalous quantum Hall effect in graphene, where the high-field energies are given by (n) = sgn(n) 2 c g 2 eBn (c g is the carrier speed), have just begun to be studied.
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The zero-energy Landau level manifestly presents a paradoxical challenge to the original theory since it floats neither up nor down as the field is decreased. Further complicating the accounting for how this level manifests itself at the cross-over field, the extended states of this level also bend in an unusual fashion spatially due to the confining edge potentials in order to produce the ν = ±2 filling factors (Fig. 4c) .
While the bilayer perturbation adds an additional factor, the fact that both bilayer and monolayer have zero-energy Landau levels with different degeneracies that break differently at high fields may provide a mechanism for the observed conductance asymmetries. in the adjacent levels, accounting for the conductance increase within the n = ±1 states on the opposite side. This compacting also predicts that these states would be pushed away from the n = 0 level energetically on this side, consistent with the higher gate voltages required to start filling them in the transport data.
The theoretical details of how such a crossing could be precipitated by the bilayer region are in need of development. On the empirical side, further characterization of the charge neutral anomaly with temperature, applied field direction, and higher mobility samples on boron nitride present natural directions for future research.
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